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Abstract 
The agglomerating fluidization behavior of different binary mixtures of SiO2/TiO2, SiO2/ZnO and TiO2/ZnO nanoparticles in 
vibro-fluidized bed (VFB) was performed. The results showed that the bed of nanoparticles existed obviously channeling and 
crack formation at lower gas velocities and slowly disappeared with increasing superficial gas velocity, and then the bed reached 
homogeneous fluidization state at the minimum fluidization velocity under certain amplitude (3 mm) and frequency (40 Hz) of 
vibrations applied. The mean agglomerate size of binary mixtures of SiO2/TiO2, SiO2/ZnO and TiO2/ZnO nanoparticles sampled 
at the top of the bed was 224 μm, 187 μm and 148 μm, respectively. The mean agglomerate sizes predicted by the Richardson-
Zaki equation combined with Stokes law were in agreement with those determined experimentally in VFB.  
© 2014 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of Chinese Society of Particuology, Institute of Process Engineering, Chinese 
Academy of Sciences (CAS). 
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1. Introduction 
Nanoparticles are widely used in a variety of industrial applications due to small size and high interfacial surface 
area. However, these nanoparticles are highly cohesive particles in the dry state which observed that their 
fluidization was in the form of agglomerates because of the strong interparticle forces that exist between them, such 
as van der Waals’ force, electrostatic forces etc. [1]. The vibrated fluidized bed (VFB) has proved to be an effective 
 
 
*Corresponding author. Tel.: 86-731-88879616; fax: 86-731-88879616. 
E-mail address: zhoutao@csu.edu.cn 
 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/lice ses/by-nc- d/4.0/).
Selection and peer-review under responsibility of Chinese Society of Particuology, Institute of Process Engineering, Chinese Academy 
of Sciences (CAS)
888   Xizhen Liang et al. /  Procedia Engineering  102 ( 2015 )  887 – 892 
means to overcome the cohesive forces among nanoparticle agglomerates by external vibration force [2, 3]. The 
mechanical vibration imposed on a fluidized bed can significantly dispel channels, break up agglomerates of 
nanoparticles, decrease the minimum fluidization velocity and improve gas–solid contact. 
Nomenclature 
A amplitude of vibration (mm) 
da  the mean diameter of agglomerate of binary mixture (μm) 
f frequency of vibration (Hz) 
g            acceleration due to gravity (= 9.81 m/s2) 
gef          effective gravity acceleration (m/s2)  
h            bed height (mm) 
h0           initial bed height (mm) 
n            the Richardson-Zaki equation exponent, dimensionless 
t             fluidization time (min) 
ug           superficial gas velocity (m/s) 
umf          minimum fluidization velocity (m/s) 
ut            terminal velocity for agglomerate (m/s) 
Greek symbols 
ε             bed voidage, dimensionless 
ε0            initial bed voidage, dimensionless 
μg           gas viscosity (=1.8u105 Pas) 
ρa           average density of the agglomerates (kg/m3) 
ρb           bulk average density of the agglomerates (kg/m3) 
ρg           density of air (kg/m3) 
The agglomerate size formed under fluidization conditions is one of the key factors that influence on the 
fluidization behaviors of nanoparticles in VFB. Recently, the predication of agglomerate sizes of nanoparticles in 
term of proposing different models have been investigated in detail. Iwadate et al. [4] proposed a mathematical 
model based on the balance of bed expansion force caused by bubbles and agglomerate-to-agglomerate cohesive 
rupture force to predict an equilibrium agglomerate size in fluidized beds of Geldart group C powders. Wang et al. [1] 
predicted the agglomerate size of a variety of silica nanoparticles in a fluidized bed based on Chaouki’s model and 
the Richardson-Zaki equation. Nam et al. [5] developed a fractal analysis combined with a modified Richardson-
Zaki for prediction of agglomerate size of nanoparticle agglomerates. Wang et al. [6] estimated agglomerate sizes of 
SiO2 nanoparticles according to the Richardson-Zaki scaling law combined with Stokes law permits, and the average 
agglomerate sizes calculated were in agreement with those determined experimentally. Kaliyaperumal et al. [2] 
determine the apparent minimum fluidization velocity from pressure drop signals by employing a novel technique, at 
the same time, using Richardson-Zaki equation to show agglomerate fluidization behavior. 
The objective  of the  present  paper  is,  therefore,  to  develop  a  simple model  to  predict  agglomerate  sizes  in  
a  fluidized  bed  of the binary mixtures of SiO2/TiO2, SiO2/ZnO and TiO2/ZnO nanoparticles. The fundamental 
fluidization behavior such as dimensionless pressure drop and bed expansion ratio as a function of gas velocity was 
analyzed. In the meantime, the mean agglomerate size predicted by a model based on the Richardson-Zaki equation 
combined with Stokes law is compared with the experimental value. In particular, the effect of superficial gas 
velocity (ug) and vibration frequency (f) on the nanoparticle agglomerate size is highlighted. 
2. Experimental 
2.1. Methods 
The vibro-fluidized bed system was shown schematically in our previous reports [7], which is a laboratory scale 
fluidization column (40 mm in i.d. and 70 cm in height) equipped with a sintered porous plate gas distributor with a 
thickness of 2 mm and pore size of 80 μm. Dried compressed air whose superficial gas velocity(ug) through a fixed 
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bed of silica gel for minimizing the effect of humidity was controlled by a rotameter in the range 0-0.132 m/s. 
Pressure drops and bed height were measured by a U-tube manometer and a ruler tape placed at the column wall, 
respectively. The vibration frequency (f) could be controlled precisely by a variable frequency driver from 0-45 Hz 
and the vibration amplitude (A) was fixed 3.0 mm. All the experiments were carried out at room temperature and 
ambient pressure conditions. 
Similar as our previously paper [8], the same mass ratio binary mixtures of SiO2/TiO2, SiO2/ZnO and TiO2/ZnO 
nanoparticles which have stable agglomerates were taken out carefully from the different axial and radial locations 
in the top bed while the bed was completely fluidized with a sampling ladle self-made to avoid disruption of their 
size, structure, and shape. After that, the mixed agglomerate samples were directly analyzed by a positive position 
metallographic microscope, and then the mean agglomerate size was obtained by taking the arithmetic average of 
over 50 agglomerates from one sample. The error limit of the experimental average agglomerate diameter of 
different binary mixed nanoparticles under the same fluidization conditions was within the range of ± (0-15) %, 
giving acceptable reproducibility for this method. 
2.2. Model Derivation 
Different studies showed that agglomerates fluidization of nanoparticles was characterized by a dynamic process 
governed by the growing of the agglomerates due to cohesive forces and fracturing of the agglomerates caused by 
breaking forces [1, 5, 9, 10], resulting in the smaller and more stable agglomerates at the top bed, while the larger 
and looser ones at the bottom bed [8, 11]. On this point, the efforts on modeling of the agglomerate size are only 
meaningful for the top-bed stable agglomerates. However, some hypothesizes are necessary in order to estimate the 
agglomerate sizes: (i) the agglomerates are all spherical in shape, having the same properties and size with a mean 
diameter of da; (ii) ignore of wall effects and elutriation; (iii) the vibration energy is mostly absorbed by the 
agglomerates on the surface of the fluidized bed [7]. 
The Richardson-Zaki (R-Z) equation mainly applied to describe the bed expansion of liquid fluidized beds was 
also successfully applied to in gas-solid systems [10, 12, 13], the equation relates the superficial fluid velocity ug 
with the bed voidag ε which has been analyzed according to mass balance of the binary mixed nanoparticles in the 
fluidized bed in a previous paper [8], as given by Eq. (1) 
n
g tu u H                     (1) 
where n is the R-Z exponent and ut is the terminal velocity. The relation between ug and ε by taking the logarithms 
can be written as a linear equation as follows 
lg lg lgg tu u n H                                                                                                                                              (2) 
After that, a plot of lgug vs. lgε can be drawn, and the R-Z exponent n and the terminal velocity u t can be obtained 
in term of the method from a previous paper [7]. The vibration force is considered to act on the agglomerate as an 
effective gravitational acceleration force [14], represented by Eq. (3) 
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As a result, the average agglomerate size can be calculated through the value of ut from the present experimental 
conditions by Stokes law, leading to Eq. (4) 
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where g = 9.81 m/s2, ρg = 1.205 kg/m3, μg =1.81×10-5Pa s (101.33 kPa, 20ć ),and agglomerate density ρaĬ1.15ρb 
according to the model of Zhou and Li [15]. 
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3. Results and Discussion 
3.1. Fluidization behavior of binary mixed nanoparticles under the fixed vibration conditions 
As we all know, fluidization of nanoparticles is not generally easy because of plug formation or channeling in a 
conventional fluidization bed [3]. The vibrations mainly prevent both the particle elutriation and the gas bypass by 
channeling. Typical fluidization curves, that is, dimensionless pressure drop (Δp/Δp0) and bed expansion ratio (h/h0) 
curves for binary mixtures of SiO2/TiO2, SiO2/ZnO and TiO2/ZnO nanoparticles are shown in Fig. 1and Fig. 2. It 
was observed that the bed of nanoparticles existed obviously channeling and crack formation and was fluidized on 
top of the bed, while the particles at the bottom of the bed were stagnant at lower gas velocities (ug<0.022 m/s). 
With increasing superficial gas velocity, the parts of nanoparticles in the bottom of the bed started to fluidize until 
the dimensionless pressure drop (Δp/Δp0) was stable, reaching homogeneous fluidization state. In theory, the 
dimensionless pressure drop (Δp/Δp0) is close to 1 which indicating that all of the solid particles are suspended, and 
the bed is fully fluidized. Sometimes Δp/Δp0 is higher than 1 (Fig. 1) because there exists a dynamical equilibrium 
between splitting and coalescence of voids due to the effective acceleration in VFB [13]. On the other hand, shear 
stress between the rising bed and the wall [16, 17] and/or cohesion between the bed of particles with a layer of 
particles adhering tightly to the distributor [18, 19] would result in a higher measured pressure drop than the weight 
of the bed. 
As shown in Fig. 1and Fig. 2, Δp/Δp0 and h/h0 of the binary mixtures of SiO2/TiO2 and SiO2/ZnO nanoparticles 
achieve much higher as compared with those of TiO2/ZnO nanoparticles under the same conditions. The different 
behavior can be attributed to the different nature of nanoparticles, such as the intrinsic higher bulk density and 
smaller size of TiO2 and ZnO nanoparticles compared to the SiO2 nanoparticles. The beds of denser particles hinder 
the propagation of the vibration in a greater extent than the less dense ones. The minimum fluidization velocity (umf) 
of binary SiO2/TiO2, SiO2/ZnO and TiO2/ZnO nanoparticles is 0.027, 0.031 and 0.040 m/s, and the h/h0 of the binary 
mixtures at umf  is to 2.0, 1.9 and 1.67, respectively.  
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Fig. 1 Δp/Δp0 as functions of ug of binary mixed nanoparticles 
with a vibration field (f=40 HzˈA=3.0 mm) 
Fig. 2  h/h0 as functions of ug of binary mixed nanoparticles with a 
vibration field (f=40 HzˈA=3.0 mm)  
3.2. Effect of superficial gas velocity (ug) on the agglomerate size (da) of binary mixtures of nanoparticles  
According to our previous report [8], the agglomerate sizes of the three kinds of binary mixtures nanoparticles 
attain a stable fluidization after about 30 min. Therefore, at a fixed vibration condition (f=40 Hz, A=3.0 mm) and 
fluidization time of 30 min, the effects of ug on da of binary mixtures of SiO2/TiO2, SiO2/ZnO and TiO2/ZnO 
nanoparticles are showed in Fig. 3.  
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The results indicate that agglomerates sizes of the binary mixtures of nanoparticles all decrease with increasing ug, 
which is consistent with the predicted results by Zhou et al. [3] and Kaliyaperumal et al. [2]. The agglomerate sizes 
(da) of binary mixtures of nanoparticles decline rapidly at ug < 0.044 m/s. After that, the agglomerate sizes reduced 
to 289 μm, 234 μm and 174 μm at ug range from 0.044 m/s to 0.084 m/s, respectively. When ug is more than 0.084 
m/s, these trends slow down. However, the formation of agglomerates sizes is the results of a dynamic equilibrium 
[9, 13], and higher gas velocity can increase the breaking force and lead to smaller agglomerates, also can form 
larger agglomerate at larger cohesive force due to the increased collision probability. Therefore, sampling gas 
velocity points of three kinds of binary mixed nanoparticles are 0.123 m/s in order to improve the accuracy of the 
test and attempt to detect the homogeneous fluidization state. In this state, the average agglomerate sizes of binary 
mixtures of SiO2/TiO2, SiO2/ZnO and TiO2/ZnO nanoparticles at the top of the bed were 224 μm, 187 μm and 148 
μm, respectively. 
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Fig. 3 Mean agglomerate sizes da of the binary nanoparticle 
mixtures with ug 
Fig. 4 Comparison of the estimated agglomerate sizes and experimental 
data for the same mass ratio binary mixtures of nanoparticles 
3.3. Estimation of agglomerate sizes at various vibration frequency  
As mentioned earlier, at higher gas velocities and with the aid of vibration, the nanoparticle agglomerates can be 
fluidized smoothly and the agglomerates tend to break up due to a combined effect of hydrodynamic forces and 
vibratory excitations. Meanwhile, vibration frequency had a comparatively more significant effect on agglomerates 
sizes than vibration amplitude due to resonance vibration [6]. Therefore, vibration amplitude was fixed in constant 
3.0 mm, and the fluidized agglomerates are sampled with the superficial gas velocity of 0.123 m/s at different 
vibration frequency. Substituting various parameters into Eq. (4), the calculated agglomerate sizes are shown in Fig. 
4.  
It can be seen from Fig. 4 that there is a tendency of agglomerate size decreasing whether the experimental data 
or calculated values by the model with increasing vibration frequency and similar results are observed in the 
experiments of Hakim et al. [20]. The calculated value of the mean agglomerate sizes of binary mixed SiO2/ZnO, 
SiO2/TiO2, ZnO/TiO2 nanoparticles are less than but close to the experimentally determined value. But there are 
some fluctuations at high vibrated frequency. This may be that higher vibrated energy is able to promote a more 
efficient break-up of nanoparticle agglomerates [21]. Therefore, the degrees of the size-segregation of the 
agglomerates throughout the whole bed are reduced significantly. Comparing with the binary mixtures of SiO2/ZnO 
and SiO2/TiO2, the TiO2/ZnO nanoparticles obtained smaller agglomerate sizes with the increasing the vibrated 
frequency. This can be due to the different nature of nanoparticles, in particular the intrinsic higher bulk density and 
smaller size of TiO2 and ZnO nanoparticles compared to the SiO2 nanoparticle. On the whole, the average 
agglomerate sizes predicted by this model were in an agreement with the experimental data by the vibration 
excitation to the nanoparticle agglomerates in the range of frequency. 
892   Xizhen Liang et al. /  Procedia Engineering  102 ( 2015 )  887 – 892 
4. Conclusions  
Fluidization behavior and the mean agglomerates sizes for the top-bed stable agglomerates of binary mixtures of 
the same mass ratio SiO2/TiO2, SiO2/ZnO and TiO2/ZnO nanoparticles in VFB are investigated. The results showed 
that the bed reached homogeneous fluidization state at the minimum fluidization velocity under certain amplitude (3 
mm) and frequency (40 Hz) of vibrations applied with increasing superficial gas velocity. The measured 
agglomerate sizes significantly decrease with increasing ug and f, which attribute to the enhancement of collision 
between particles and/or agglomerates. The mean agglomerate sizes predicted by Richardson-Zaki equation 
combined with Stokes law are in agreement with those determined experimentally. 
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